Posttranscriptional gene silencing (PTGS) is a sequence-specific mRNA degradation caused by small RNA, such as micro RNA (miRNA) and small interfering RNA (siRNA). miRNAs are generated from MIRNA loci, whereas siRNAs originate from various sources of double-stranded RNA. In this study, an artificial RNA silencing inducible sequence (RSIS) was identified in rice (Oryza sativa. L). This sequence causes PTGS of 5' or 3' flanking sequence-containing genes. Interestingly, two target genes can be simultaneously suppressed by linking a unique target sequence to either the 5' or 3' end of RSIS. Multiple gene suppression can be also achieved though a single transformation event by incorporating the multisite gateway system. Moreover, RSIS-mediated PTGS occurs in nuclei. Deep sequencing of small RNAs reveals that siRNAs are produced from RSIS-expressing cassettes and transitive siRNAs are produced from endogenous target genes. Furthermore, siRNAs are typically generated from untranscribed transgene terminator regions. The read-through transcripts from the RSIS-expression cassette were consistently observed, and most of these sequences were not polyadenylated. Collectively, this data indicates that RSIS inhibits proper transcription termination. The resulting transcripts are not polyadenylated. These transcripts containing RSIS become templates for double-stranded RNA synthesis in nuclei. This is followed by siRNA production and target degradation of target genes.
Introduction
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3-dehydro-6-deoxoteasterone and from teasterone to 3-dehydroteasterone in the late BR biosynthesis pathway, is also expressed in rice seedling, and ebisu dwarf/d2/cyp90d2 shows semidwarf phenotype (Hong et al., 2003) . CYP90D2 expression was suppressed in transformants containing D2-less construct, and they showed semidwarf phenotype (Figs. 1A, D-F). These results indicate that RSIS-mediated RNA silencing is effective not only in seed organs, but also in vegetative tissues.
Multiple silencing by combination of RSIS and MultiSite Gateway system
We have showed that two genes could be suppressed simultaneously by a single RSIS expression cassette in which sequences derived from different genes were ligated to the 5' and 3'ends of RSIS (Fig. 1 and Kawakatsu et al., 2010) . We have developed an expression system that allows the insertion of three expression cassettes into a single binary vector using the MultiSite Gateway (MSG) system (Wakasa et al., 2006) . We could then assess whether multiple silencing is induced through a single transformation event by the combination of RSIS and MSG. We constructed RSIS expression cassettes with different SSP gene promoters containing 5' UTRs and terminators, then inserted them into a single binary vector. The 3-gluless is constructed with different glutelin promoters (GluB-1, GluB-4 and GluA-2) and terminators (GluA-3, GluA-1 and GluB-2) (Fig. 2) .
The sspless construct is composed of glutelin (GluA-2 and GluB-1) and 13kD prolamin (RM1) promoters, and 13 kD prolamin (RM1 and RM2) and Glb-1 terminators (Fig. 2) . 11 of 60 independent transgenic lines (18 %) containing the 3-gluless construct, were silenced at different 10 sequence had been removed from GluB-less, did not induce RNA silencing (Fig. 3) . GluB-less (GFP-C) , in which RSIS was substituted with a comparable length of GFP (91 bp between 630-720 nt of the GFP coding region), also failed to induce RNA silencing (Fig. 3) . These results suggest that the RSIS sequence is necessary for silencing, and the observed silencing is sequence-specific. Neither inversion of the RSIS sequence (anti), nor frame shift by insertion of a guanine residue at the beginning of the coding region (+G), significantly affected the silencing efficiency (53.3% and 35.7%, respectively versus 54.2% of the original GluB-less), indicating that translation of RSIS is not required for silencing (Fig. 3 ).
The 3' or 5' halves of RSIS were deleted (N-RSIS or RSIS-C), and RSIS was arranged as a tandem repeat of dimer (x2) or trimer (x3) (Fig. 3) . Induction of silencing was completely or almost completely abolished by deleting either half of the RSIS sequence (Fig. 3) . By contrast, multiple repeats of RSIS decreased the silencing efficiency with the dimer (x2) and eliminated the silencing with the trimer (x3) (Fig. 3) . Thus, the size of the silencing construct seems important, with the optimal size likely ranging from 90 to 180 nt. Previous experiments showed that GFP-fused, and pentameric and hexameric forms of RSIS were expressed, and their products accumulated to high levels in seed (Yasuda et al., 2006) . Based on these results, the specific monomeric sequence of RSIS dictates silencing efficiency, and the intact RSIS sequence is critical for silencing.
RSIS-mediated RNA silencing is nuclear PTGS
siRNAs were previously reported as being produced from the RSIS-expression cassette in GluB-less seed (Yasuda et al., 2005) . To confirm whether or not specific siRNAs derived from the suppressed transcripts accumulate in transgenic plants, Northern analysis was conducted to analyze small RNAs prepared from developing seeds of wild-type, GluB-less, GluB·Glb-less, and 13-kD Pro-less transgenic plants. siRNAs (21-24 nt) derived from target genes were accumulated: GluB-1 (in GluB-less and GluB·Glb-less), Glb-1 (in GluB·Glb-less) and RM1 (in 13-kD Pro-less) (Fig. S3 ).
In addition to target gene-derived siRNAs, 21-24-nt siRNAs derived from RSIS also accumulated in all of the analyzed lines (Fig. S3 ). These results suggest that RNAs containing RSIS sequence form dsRNAs that trigger siRNA biogenesis, followed by RNA silencing.
PTGS is mediated by 21-and 22-nt siRNAs, whereas transcriptional gene silencing (TGS) is mediated by 24-26-nt siRNAs (Hamilton et al., 2002) . TGS is associated with RNA-dependent DNA methylation (RdDM) within promoter regions. Since 24-nt siRNA is a hallmark of RdDM (Matzke et al., 2009) , the cytosine methylation of the GluB-1 coding and promoter regions were analyzed in wild-type, GluB-less, and GluB·Glb-less plants via bisulfite sequencing using genomic DNA extracted from developing seeds at 10-15 days after flowering (DAF). However, only small differences in the degree of methylation were observed within the analyzed regions (Figs. 4A and B) . These regions contained 16 cytosines in the coding region and 30 cytosines in the promoter region.
Next, the presence of unspliced GluB-1 pre-mRNA was investigated as evidence of GluB-1 transcription. Pre-mRNA is typically very short-lived, such that GluB-1 pre-mRNA is undetected in total RNA extracted from seed (Fig. 5) RNA) were prepared, GluB-1 pre-mRNA was similarly detectable for both the wild-type and GluB-less transgenic rice (Fig. 5) . These data suggest that the GluB-1 transcription rate was not affected by RSIS-mediated RNA silencing. By contrast, GluB-1 mRNA was significantly decreased in nuclear RNA extracted from a GluB-less plant compared to a wild-type plant (Fig. 5) . These results suggest that RSIS induces nuclear PTGS via 21-and 22-nt siRNAs, but not TGS associated with RdDM.
Profiling of siRNAs from RSIS-containing transcripts and target transcripts
To understand the mechanisms underlying RSIS-mediated RNA silencing, high throughput sequencing analysis of small RNA was performed. Total small RNAs were extracted from developing seeds of wild type, GluB-less, GluB·Glb-less and 13-kD Pro-less transgenic plants at 10-15 DAF. These small RNAs were subsequently sequenced by the Illumina Genome Analyzer IIx. siRNAs of 24 nt were most abundant in each line (Fig. 6) . In wild type, reads were rarely mapped on RSIS-containing constructs. In transgenic lines, reads that perfectly matched the RSIS-containing constructs both in sense and antisense strands accounted for 1.5% to 4.1% of the total reads (Fig. 6 ). Over 90% of the reads were 21-, 22-or 24-nt in length (Fig. 6 ). The mapped reads in both strands were rarely distributed on the untranscribed promoter region (Fig. 6) . In GluB-less transgenic rice, the distribution patterns were similar among 21, 22-and 24-nt siRNAs (Figs. 6 and S4) . Mapped reads exhibited bias for the sense strand in each line (Fig. 6 ). The majority of the siRNAs mapped in the sense strand located in the 3' flanking region of RSIS, www.plantphysiol.org on July 15, 2017 -Published by Downloaded from Copyright © 2012 American Society of Plant Biologists. All rights reserved.
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whereas certain amounts of siRNAs in the antisense strand were mapped on the first half of RSIS in GluB-less plants (Fig. 6 ). siRNAs that mapped on RSIS in the sense strand were uniformly distributed (Fig. 6) . In GluB·Glb-less and 13-kD Pro-less transgenic rice, the distribution pattern of siRNAs showed tendencies similar to GluB-less, with the exception that the siRNAs mapped in the antisense strand peaked in the 5' flanking region of RSIS in the 13-kD Pro-less transgenic rice (Fig.   S4 ).
Next, the 18-25-nt reads were mapped on GluB-1, Glb-1, RM1 and RM2 (Fig. 7 ). Reads were mapped on suppressed genes (GluB-1 in GluB-less and GluB·Glb-less, Glb-1 in GluB·Glb-less, RM1 and RM2 in 13 kD Pro-less) in both sense and antisense strands, suggesting that these genes were suppressed by transitive RNAi machinery to some extent. Unexpectedly, there were small RNA reads mapped on these seed storage protein genes even in wild type and non-silenced lines (Fig. 7) . However, these reads were mapped in only sense strand. We found small RNA reads library from another study (Zhu et al., 2008) were also mapped on these genes.
Small RNA reads from this study and another study were also mapped in only sense strand of genes highly expressed in endosperm. These small RNAs may be produced during preparing library for high throughput sequencing because abundant RNAs are easily subject to contaminated nucleases.
Although the 21-22-nt mapped reads from the GluB-less plant were distributed throughout the GluB-1 transcript, the 24-nt mapped reads only mapped to the trigger region used in the GluB-less construct (Fig. S5 ). This suggests that the 24-nt reads were primarily derived from the transgene, rather than from endogenous GluB-1. Similarly, the 24-nt reads from GluB·Glb-less mapped almost exclusively to the 5' UTR and signal peptide region of GluB-1 and to the 3'UTR of Glb-1 (Fig. S5) .
These sequences were all derived from the GluB·Glb-less construct (Fig. S5) . The 21-and 22-nt reads from the GluB·Glb-less construct that mapped on GluB-1 peaked at the 5' UTR, and gradually decreased toward the 3' distal region (Fig. S5) . By contrast, those mapped on Glb-1 peaked at the 3'UTR and gradually decreased toward the 5' distal region (Fig. S5) . Similarly, the 21-and 22-nt reads from 13-kD Pro-less that mapped on RM1 and RM2 peaked at the 5' UTR and 3' UTR, respectively, and gradually decreased toward the opposite distal region (Fig. S5 ). These results suggest that 21-and 22-nt siRNA production spread from the trigger regions used in the RSIS-containing construct.
RdDM on GluB-1 locus by 24-nt siRNAs derived from trigger regions was confirmed using methylation-sensitive restriction enzyme (Figs. 4A and C). Methylation at Alu I site inhibits cutting of the genome DNA, and allow PCR amplification of the region. On the other hand, unmethylated Alu I site are cleaved, and PCR amplification is limited. MSP1 and MSP4 region within trigger regions were more efficiently amplified in GluB-less and GluB·Glb-less, and in GluB-less, compared to wild type, showing that MSP1 region is methylated both in GluB-less and GluB·Glb-less, but MSP2 region is methylated only in GluB-less (Figs. 4A and C). MSP2 and MSP3 regions were efficiently or inefficiently amplified in wild type, GluB-less, and GluB·Glb-less, suggesting that MSP2 region is similarly methylated and MSP3 region is not 
Consistent read-through transcript from constructs containing RSIS
The RSIS-expression cassettes contain a terminator that includes a few dominant polyadenylation (A) signal (PAS) sites since most SSP transcripts are polyadenylated. The siRNAs mapped throughout the terminator region of the RSIS-expression cassettes beyond the PAS (Fig. 6 ). The siRNAs were mapped on the endogenous and transgene terminator and their distal region. Notably, siRNA did not map on the rice genome beyond the GluB-1 terminator ( Fig. 7) , whereas siRNAs did map on the right border of the transgene (Fig. 6 ). These results suggest that a large portion of the siRNA that mapped on the GluB-1 terminator was derived from the transgene. Since siRNAs are derived from dsRNA, this region is suspected to be stably transcribed. Although Northern blot analysis did not detect any transgene or endogenous target transcripts, they were detected by PCR.
Primer sets were designed to amplify corresponding regions between transgene and endogenous target gene locus (Fig. 8A ). Forward primers were fixed, and PAS located between reverse primers of region 1 and region 2. In GluB-less transgenic rice, transgene transcripts of an extended length greater than 400 bp from the dominant PAS (region 4) were detected (Fig. 8B ). In contrast, corresponding region 4 of endogenous GluB-1 locus was scarcely expressed. Transgene transcripts of an extended length (region 2) were more efficiently amplified than the corresponding endogenous regions in GluB·Glb-less and 13-kD Pro-less transgenic rice (Figs. 8C and D) . These results suggest that read-through transcriptions are enhanced for all transgene cassettes containing
RSIS.
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Next, the status of the read-through transcripts was examined. To determine whether these aberrant transcripts contain a poly (A) tail, cDNAs were reverse transcribed using oligo (dT) or random primers. In GluB-less transgenic rice, the relative amount of read-through transcripts amplified (region 2) in the randomly generated cDNA pool was about 26 times higher than that generated from the poly (A) tail (Fig. 8D) . Furthermore, in GluB·Glb-less and 13-kD Pro-less transgenic rice, relative amounts of read-through transcripts in the randomly generated cDNA pools were approximately 10 and 12 times higher than those generated from the poly (A) tail, respectively (Fig. 8D) . These results suggest that the extended lengths of transgene transcripts largely have no poly (A) tail, or have a poly (A) tail at a far distal site.
In Arabidopsis, unpolyadenylated transcripts serve as templates for RDR6. As a result, dsRNAs are produced (Luo and Chen, 2007) , and 21-to 23-nt siRNAs are generated. Since RSIS-containing transcripts were unpolyadenylated, the relationship between RSIS-mediated RNA silencing and RDR6 activity was examined. Additionally, since both AGO7 and RDR6 act in the TAS pathway, the potential role of AGO7 in RNA silencing was analyzed (Adenot et al., 2006) .
The mutants shl2-6/rdr6 and shl4-1/ago7 showed embryo lethal or severe seedling defect phenotypes, but endosperm development is not affected (Nagasaki et al., 2007) . Thus, heterozygous mutants of shl2-6/rdr6 and shl4-1/ago7 and 13-kD Pro-less transgenic rice were crossed. The recovery of silencing was analyzed in the developing endosperm of F2 seeds. Each single seed was individually genotyped, and the RM1 expression level was determined. However, even in shl2-6/rdr6 or shl4-1/ago7 backgrounds, the RM1 expression level was severely suppressed ( S6), indicating that RSIS-mediated RNA silencing does not require RDR6 or AGO7 activity.
Discussion
Plant endogenous siRNAs that are generated from dsRNAs are derived from internal hairpin structures of a transcript, hybridization with a natural antisense transcript, and synthesis by RdRPs (Fig. 8 ). RDR6 and SGS3 coordinately synthesize dsRNA in the cytoplasmic SGS3/RDR6-body (Glick et al., 2008; Elmayan et al., 2009; Kumakura et al., 2009) . Recently, AGO7 was reported to function in the cytoplasm but not in nuclei (Jouannet et al., 2012) . These facts support the data of this study showing that RSIS-mediated RNA silencing is nuclear PTGS (Fig. 4) . Although nuclear localization of AtRDR6 was reported (Luo and Chen, 2007; Hoffer et al., 2011) miRNA-or siRNA-mediated silencing is generally considered to occur within the cytoplasm. The processing body is a key cellular structure, and ribonucleases degrade cleaved target gene transcripts (Xu and Chua, 2011) . However, the data of this study indicate that RSIS-mediated PTGS occurs in nuclei (Fig. 5) . Since transitive secondary siRNAs were bi-directionally generated from endogenous target genes (Fig. 7) , a reasonable conclusion is that DCL proteins must be responsible for target degradation. The nuclear localization of DCL proteins implies that RSIS-mediated RNA silencing is nuclear PTGS (Xie et al., 2004; Hiraguri et al., 2005; Pontes et al., 2006; Song et al., 2007; Hoffer et al., 2011) . In plants, transitive secondary siRNAs can be generated from target transgenes, such as GUS and GFP, but rarely from target endogenous genes (Miki et al., 2005) . Nuclear PTGS in soybean is accompanied by transitive secondary siRNAs, suggesting that the production of transitive secondary siRNAs and nuclear PTGS are linked (Hoffer et al., 2011 . Since 21-, 22-and 24-nt siRNAs were generated from the whole transcripts containing RSIS (Fig. 6) , the resulting dsRNAs are likely processed by DCL2, DCL3, and DCL4.
On the other hand, although 21-and 22-nt siRNAs were distributed throughout the whole GluB-1 mRNA, 24-nt siRNAs only mapped to the trigger region. This suggests that endogenous GluB-1 mRNA was degraded by DCL2 and DCL4 (Fig. 7) . Furthermore, production of 21-and 22-nt, or 24-nt siRNA occurs in distinct compartments within the nuclei. DCL proteins are localized in the nucleus. Notably, DCL3 is concentrated in the nucleolus, whereas DCL4 is excluded from the nucleoplasm (Pontes et al., 2006; Hoffer et al., 2011) . Heterochromatin-forming 24-nt siRNA accumulate in the nucleolus (Pontes et al., 2006) . It is possible that the 21-and 22-nt siRNA are generated in the nucleoplasm, while the 24-nt siRNA is generated in the nucleolus.
The GluB-1 terminator robustly terminates transcription at dominant sites, especially in the endosperm (Yang et al., 2009) . By contrast, read-through transcription was consistently observed in the transcripts containing RSIS in spite of using the sufficient length (0.65 kb) of the GluB-1 terminator. This indicates that RSIS inhibits proper transcription termination (Fig. 8) 
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MORPHEUS' MOLECULE1 (MOM1), involved in methylation independent TGS, was reported to prevent aberrant read-through transcription (Zhou et al., 2010) . Although evidence is lacking, the production mechanism of aberrant read-through transcripts caused by RSIS or MOM1 may be related to each other. The mechanism of mRNA 3' end formation is highly conserved among eukaryotes (Proudfoot, 2011). After RNA polymerase II (pol II) transcribes the poly (A) signal (PAS), containing the AAUAAA consensus and GU rich region, the polyadenylation complex (PAC) recognizes and cleaves the signal. This is followed by polyadenylation via poly(A) polymerase. Faithful 5' capped and 3' polyadenylated transcripts (mRNAs) are exported to the cytoplasm, where they are translated into proteins. Exonuclease degrades the residual 3' region of nascent RNA. When it reaches pol II, the pol II transcription terminates. In actuality, the transcription termination has plasticity. More than 50% of eukaryotic genes contain more than one transcripts that contain RSIS, unidentified RNA-binding proteins may bind to RSIS and inhibit the recognition or cleavage of PAS by PAC. Considering that an equal length of GFP coding sequence did not cause silencing, and that the monomer RSIS was the most effective, the RSIS secondary or tertiary structure other than a hairpin structure may determine the recognition (Fig. 3) . Certain structures flanking the RSIS may interfere with the accessibility by unknown RNA-binding proteins.
The tandem repeated structure of triple RSIS had no silencing effect. Unconventional length, nonpolyadenylated transcripts containing RSIS are retained in nuclei. Without cleavage, pol II continues transcription and RSIS-containing transcripts are subjected to dsRNA synthesis by RdRP as aberrant RNA. This results in the generation of primary siRNA and target degradation.
Future perspectives
RSIS enhanced cosuppression by preventing proper transcription termination followed by dsRNA formation. A design rule for RSIS-based RNA silencing, especially how to choose trigger region, would be similar to the conventional RNAi system. Usually we use terminal regions of transcripts containing UTR (Table 1) . In many cases, we use regions harboring both UTR and 5' terminal coding region. Their ratio varied among constructs, but they work well. Since UTR region is relatively gene specific region compared to coding region, UTR trigger would yield target specific silencing. On the other hand, if family genes should be suppressed, conserved coding regions are good choice. It may be no matter even though either UTR or coding region is used as triggers. We succeeded in suppressing allergen gene family in rice endosperm using RSIS with about 100 bp of www.plantphysiol.org on July 15, 2017 -Published by Downloaded from Copyright © 2012 American Society of Plant Biologists. All rights reserved.
highly conserved coding region (our unpublished data). According to trigger length, around 100 bp may be suitable and sufficient. Longer trigger region would interfere formation of unknown structure of RSIS-containing transcripts, although about 300 bp 5' trigger could induce silencing (our unpublished data). Surprisingly, we have not succeeded in inducing RSIS-mediated silencing of Arabidopsis or tomato genes (our unpublished data), and RSIS-mediated silencing works only in rice at present. We speculate that unknown structure of RSIS-containing transcripts is subject to dsRNA formation in rice, but not in other plants such as Arabidopsis or tomato. Rice gains the mechanism of RSIS-mediated silencing during evolution to remove aberrant transcripts, such as viruses. Relation between Arabidopsis and RSIS may be similar to that between non-host plant and virus. We are looking for such silencing inducible sequence in Arabidopsis. Further study is needed to determine the nature of RSIS structure and the unknown RSIS-binding protein. Such knowledge should help to elucidate the mechanisms of transcription termination. This should also help to tune up RSIS-mediated silencing system, and to avoid unintended cosuppression when transgenes are highly expressed to produce high value proteins/peptides in plants.
Materials and Methods
Construction of chimeric genes and plant transformation
The details of the GluB-less, 16 kD Pro-less constructs have been described previously (Kawakatsu et al., 2010) . For Glx I-less and Ole18-less constructs, promoter containing 5'UTR and terminator containing 3'UTR of Glx I and Ole18, genes (e) and transgenes (t) terminator. B, GluB-less. C, GluB·Glb-less. D, 13-kD Pro-less. E, Relative expression levels of region 2 of transgenes by quantitative RT-PCR using cDNA pools prepared using oligo (dT) or random primers. Expression levels were normalized relative to UBQ expression. Fig. S1 . Simultaneous suppression level of GluB-1. GluB-1 expression levels were analyzed by qRT-PCR. RNAs were extracted from three independent plants of silenced lines. Expression levels were normalized relative to UBQ expression. Statistical differences are indicated by different letters, using Tukey's test (P < 0.05). GluB-1 expression levels were analyzed by qRT-PCR. expression levels were analyzed by qRT-PCR. Expression levels were normalized relative to UBQ expression. GluB-1 accumulation levels were analyzed by immunoblot. Fig. S3 . Detection of siRNA in the developing seed of wild type, GluB-less, GluB·Glb-less, and 13-kD Pro-less. Small RNA was transferred to nylon membranes and the RNAs were reacted with each probe. An asterisk indicates a non-specific signal. 
